Introduction
============

High-fat diets accompanied by different degrees of stress, which are prevalent in the modern societies, are common predisposing factors for many metabolic disorders and chronic diseases. High levels of fat in diets and stress, as well, cause insulin resistance which is considered as a public issue in modern societies (Sandu et al., 2005\[[@R27]\]; Schrauwen, 2007\[[@R29]\]). In regard to the negative impact of the high-fat diet and stress on human health, investigators have developed several animal models for studying the effects of each of the two factors separately or in combination on glucose and lipid metabolism. Their results showed that using high-fat, derived from animal or plant sources, diets in rats led to different metabolic results (for revieew see: Buettner et al., 2007\[[@R7]\]). For instance, after applying high-fat diet in rodents, plasma glucose did not change or moderately increased or even highly increased at the level of type 2 diabetes (Buettner et al., 2007\[[@R7]\]; Ohtsubo et al., 2005\[[@R24]\]). The increase in plasma glucose level (Fu et al., 2009\[[@R12]\]; Blazquez and Quijada, 1968\[[@R5]\]) also accompanied with a decrease (Blazquez and Quijada, 1968\[[@R5]\]) or an increase (Fu et al., 2009\[[@R12]\]) in the plasma insulin level. On the other hand, stress usually impairs glucose metabolism. Previous studies showed that applying acute (Armario et al., 1985\[[@R2]\]) and/or chronic (Farias-Silva et al., 2002\[[@R10]\]; Thiagarajan et al., 1988\[[@R33]\]) stresses increase plasma glucose level which is accompanied with a decrease (Armario et al., 1985\[[@R2]\]) or an increase (Farias-Silva et al., 2002\[[@R10]\]) or even no change (Thiagarajan et al., 1988\[[@R33]\]) in plasma insulin level. The combination of stress and high-fat diet may cause more pronounced changes of the metabolic factors than when each of them alone is applied (Fu et al., 2009\[[@R12]\]). A high-fat diet also can reduce the number of insulin receptors in target tissues leading to decreased insulin function (Iwashita et al., 2002\[[@R17]\]).

High-fat diet can affect the organism response to stress. Most of the studies indicate that high-fat diet increases the response of HPA axis to stress (Tannenbaum et al., 1997\[[@R31]\]; Legendre and Harris, 2006\[[@R22]\]). However, some studies have demonstrated a decrease in HPA response to stress in the presence of high-fat diet (La Fleur et al., 2005\[[@R21]\]).

As mentioned above, although the effect of high-fat diet and stress on metabolic factors has been investigated extensively, discrepancies still exist in the results. In this regard, this study was performed to further evaluate the possible existence of interactions between the high-fat diet and stress as two important factors which can be the basis of metabolic disorders. In the present study an animal model of high-fat diet was created for rats using a diet containing 45 % cow intra-abdominal fat (which has not specifically investigated as fat component of the high-fat diet). Then, the animals were exposed to acute foot-shock and psychological stresses and changes in plasma levels of glucose, insulin, cholesterol, triglyceride, free fatty acids and also corticosterone as important metabolic indicators of stress were evaluated.

Materials and Methods
=====================

Animals
-------

Male Wistar rats were used in this study with a mean weight of 170±5 grams at the initiation of the experiment. Each pair of the animals was kept in a cage at 22±2 °C with a constant light-dark cycle (light from 7:00 AM to 7:00 PM). Sufficient water and food was always provided for the animals except during the experiment. The animals were randomly allocated into two groups considering the type of diet and were simultaneously fed by high-fat diet (containing 45 % cow intra-abdominal fat mixed with standard pellets) (Kitraki et al., 2004\[[@R20]\]; Ghibaudi et al., 2002\[[@R14]\]) and normal diet (standard pellets, Pars production and distribution of animal feed company, Iran) for 30 days. The animals in both groups were weighted (1 g Digital balance, FWE Japan) and their water and food intake were measured.

Then the animals of each of the diet groups were randomly recruited into control and stressed groups. In the normal/high-fat diet group, one group was transported to communication box apparatus (Borje Sanat, Iran) without receiving any stress (non-stress group). The other group received electric shock through the foot from stress apparatus (foot-shock stress group), while the third group was placed in the apparatus receiving psychological stress (psychological stress group). All experimental procedures were approved by the animal care and use committee of the Shahid Beheshti University of Medical Sciences, Neuroscience Research Center.

Blood sampling
--------------

In all groups, blood sampling was performed before initiating the experiment (i.e. before starting the diet) and used as the standard basis of initiation condition. Thirty days after initiating the diets, blood sampling was performed for the stressed group at the day before stress induction, i.e. morning of the stress induction day (8-8:30 AM), immediately after stress induction (12-14 PM) and the day after stress induction (8-8:30 AM); in the group which received no stress and was just placed in the communication box, blood samples were collected in the same sequence. Retro-orbital puncture method was used for blood sampling with isoflurane (Nicholas Primal, UK) as anesthetic agent (Zardooz et al., 2010\[[@R36]\]). The blood samples were collected in Eppendorf tubes containing 5 µl heparin (5000 IU/ml) per one ml blood. Then the tubes were centrifuged at 3000 round per minute for 5 minutes; the separated plasma was preserved at -80 °C.

Oral glucose tolerance test (OGTT)
----------------------------------

After 16 hours of fasting, the animals were fed by 2 g/kg glucose using 45 % glucose solution through an esophageal tube (Gasa et al., 2002\[[@R13]\]). Blood sampling was performed after 15 minutes (this was the peak time for plasma glucose concentration after performing OGTT which obtained from a pilot study). In all groups, before starting the experiment (i.e. before starting the diet) OGTT was performed as the standard basis for the initiation condition. Thirty days after starting the diets, OGTT was performed one day before and one day after stress induction in the stressed groups; in the control groups, it was performed one day before and one day after being placed in the communication box.

Stress inducing apparatus
-------------------------

A communication box consisting of 9 chambers (16×16) was used to induce stress. The device is designed so that the animals in the chambers can have visual, auditory and olfactory communication with each other. The floor of 5 chambers is from metal wire made of stainless steel which is connected to electricity to put the animals of the chambers under electrical shock. The floor of the other 4 chambers is made of plexiglas that does not conduct electricity, so the animals do not receive any electrical shock but they see the movements and hear the sounds of the other animals under electrical shock (i.e. psychological stress) (Endo et al., 2001\[[@R9]\]).

Stress induction
----------------

The animals of the foot-shock stress group received electrical shocks (1 mA, 1 Hz) for a 10 second duration every 60 second (Endo et al., 2001\[[@R9]\]). These stress exposures were carried out for 60 min between 11.00 and 13.00 h while the animals of the psychological stress were watching them under electrical shock from the other chambers of the box; however, the controls were kept in the box for one hour without receiving any stress.

Assays
------

Plasma glucose concentration was determined using the glucose oxidase method (Pars Azmoon, Iran). Cholesterol and triglyceride concentrations were measured by enzymatic calorimetric method (Pars Azmoon, Iran). Plasma free fatty acid was determined by rat free fatty acid calorimetric kit (Nanjing Jiancheng Bioengineering Institute, China). Rat insulin ELIZA kit (Mercodia, Sweden) and corticosterone ELIZA kit (DRG, Germany) were used to measure plasma insulin and corticosterone concentrations.

Statistical analysis
--------------------

All data are expressed as the mean ± SEM. Three-way analyses of variance (ANOVA) were performed and followed by Bonferroni test by considering diet, stress and basal condition as factors. To compare diets in different days repeated measurement two-way analyses of variance (ANOVA) were used. A P-value below 0.05 was considered to be statistically significant.

Results
=======

The impact of high-fat diet on the weight changes of the male rats
------------------------------------------------------------------

During the 30 days the animals\' weight in both high-fat and normal diet groups have significantly increased compared with the weight of the first day (P\<0.001) but it was not significantly different between the high-fat and the normal diet groups (Table 1[(Tab. 1)](#T1){ref-type="fig"}). However, there was not a significant interaction between the weight changes during the time and the diet type.

The impact of high-fat diet on the food and water intake in the male rats
-------------------------------------------------------------------------

A significant reduction in the food and water intake of the high-fat diet group was observed compared with the normal diet group (P\<0.001) (Table 1[(Tab. 1)](#T1){ref-type="fig"}).

Plasma glucose concentration in the basal condition and after OGTT before and after stress induction
----------------------------------------------------------------------------------------------------

The results of three-way ANOVA showed that high-fat diet decreased fasting plasma glucose concentration in the basal condition (time zero) (P\<0.05) (Figure 1a[(Fig. 1)](#F1){ref-type="fig"}); however, a significant increase in plasma glucose concentration was observed in the high-fat diet animals after inducing foot-shock stress (P\<0.01) (Figure 1a[(Fig. 1)](#F1){ref-type="fig"}).

Fifteen minutes after OGTT, foot-shock stress in the normal diet group and psychological stress in the high-fat diet group significantly increased glucose concentration (P\<0.05) (Figure 1b[(Fig. 1)](#F1){ref-type="fig"}). The increase in glucose concentration was significantly more in the high-fat diet animals receiving psychological stress than the control animals (non-stress) of the same diet group (P\<0.05) (Figure 1b[(Fig. 1)](#F1){ref-type="fig"}). The results of the present study did not demonstrate a significant interaction between the diet type and the response to stress in relation with glucose tolerance.

Plasma insulin concentration in the basal condition and after OGTT before and after stress induction
----------------------------------------------------------------------------------------------------

Three-way ANOVA showed that after stress induction, plasma insulin concentration in basal condition (time zero) increased which was significant in the foot-shock stress group of the animals with the normal diet (P\<0.01) (Figure 2a[(Fig. 2)](#F2){ref-type="fig"}); however, the increase in plasma concentration was significant in the animals of the high-fat diet group which were under psychological stress (P\<0.05) (Figure 2a[(Fig. 2)](#F2){ref-type="fig"}).

The results demonstrated that 15 minutes after OGTT, plasma insulin concentration increased after stress induction; however, significant increase in plasma insulin concentration was observed only in the psychological stress group of the normal diet animals (P\<0.01) (Figure 2b[(Fig. 2)](#F2){ref-type="fig"}). There was no significant interaction between the diet type and the response to the stress.

Changes in plasma corticosterone concentration in response to the high-fat diet intake and stress induction
-----------------------------------------------------------------------------------------------------------

The type of the diet had no effect on changes of plasma corticosterone concentration. Foot-shock stress in the normal diet animals significantly increased plasma corticosterone concentration compared with before stress induction in the same group (P\<0.001) (Figure 3[(Fig. 3)](#F3){ref-type="fig"}), after stress induction in the psychological stress group (P\<0.05) and the control group (P\<0.001). Acute foot-shock stress, significantly increased plasma corticosterone concentration in the high-fat diet animals compared with before stress induction in the same group, after stress induction in the psychological stress group and the control group, as well (P\<0.001) (Figure 3[(Fig. 3)](#F3){ref-type="fig"}). Also, three-way ANOVA did not show any significant interaction between the diet type and the response to stress.

The impact of high-fat diet and stress on plasma cholesterol concentration
--------------------------------------------------------------------------

The high-fat diet compared with the normal diet significantly increased plasma cholesterol concentration \[non-stress group (P\<0.05), foot-shock and psychological stress groups (P\<0.01)\] (Table 2[(Tab. 2)](#T2){ref-type="fig"}); however, stress induction did not have any significant effect on plasma cholesterol concentration in any of the groups. There was no interaction between the diet type and the response to stress, as well.

The impact of the high-fat diet and stress induction on plasma triglyceride concentration
-----------------------------------------------------------------------------------------

Compared with the normal diet, the high-fat diet significantly increased plasma triglyceride concentration \[foot-shock stress and non-stress groups (P\<0.05), psychological stress group (P\<0.01)\] (Table 2[(Tab. 2)](#T2){ref-type="fig"}). Induction of foot-shock stress resulted in a significant reduction in triglyceride concentration of the high-fat diet group compared with before stress induction in the same group (P\<0.001), after stress induction in the psychological stress group and the control non-stress group (P\<0.05) (Table 2[(Tab. 2)](#T2){ref-type="fig"}). The reduction was also observed in the normal diet group after foot-shock stress as compared to before stress induction (P\<0.05) (Table 2[(Tab. 2)](#T2){ref-type="fig"}). However, there was no significant interaction between the diet type and the response to stress in this part of the study, as well.

Plasma free fatty acids concentration following the use of the different diets and stress
-----------------------------------------------------------------------------------------

Results showed that the high-fat diet did not make any significant changes in plasma free fatty acids concentration. Also, concentration of free fatty acids did not show any significant changes compared with before stress induction (Table 2[(Tab. 2)](#T2){ref-type="fig"}). There was no significant interaction between the diet type and response to stress in this part.

Discussion
==========

In the present study, high-fat diet did not significantly change plasma concentrations of glucose, insulin and corticosterone in the animals receiving acute stress compared with the controls. Consistently, in response to stress, high-fat diet did not make any significant changes in plasma concentration of free fatty acids, triglyceride and cholesterol as the factors that can reflect inappropriate lipid metabolism.

The results of this study showed no significant difference between the weights of high-fat and normal diet groups whereas, the food and water intake significantly decreased in high-fat fed rats. In agreement with our results , in a study on male rats no significant changes were observed in the animals\' weight during high-fat diet (40 % fat) (Banas et al., 2009\[[@R3]\]); however, increase (Ghibaudi et al., 2002\[[@R14]\]) or decrease (Soulis et al., 2005\[[@R30]\]) of the weight was observed in high-fat fed rats in the previous studies. The differences between the results of the mentioned studies might be due to the type of fat and the duration of use (Grundy, 1999\[[@R15]\]). Healthy rats are sensitive to caloric properties of their diet and set their food intake by receiving fixed daily calories (Kamara et al., 1998\[[@R18]\]). Moreover, Plasma level of leptin increased following one week use of high-fat food (Soulis et al., 2005\[[@R30]\]). Therefore, reduction in the food intake which was observed in our experiment might be due to increased plasma leptin level beside setting the received calorie by the rats. Besides, reduced water intake in the high-fat diet group of our study, might result in weight reduction. In an experiment reduced protein intake decreased water intake by the rats (Kaunitz et al., 1956\[[@R19]\]). Consistently, in our study the percentage of protein intake decreased compared with the control condition which could result in reduced water intake.

The diet of the present study was not able to change glucose tolerance but significantly decreased fasting glucose concentration without any significant change in plasma insulin level. Consistent with our study, Soulis et al. (2005\[[@R30]\]) showed that seven days of high-fat diet (20 % corn oil) significantly decreased fasting plasma glucose in female Wistar rats while a study on male Wistar rats demonstrated an increase in fasting plasma glucose (Kitraki et al., 2004\[[@R20]\]); however, both of the studies indicated no changes in fasting insulin concentration and an increase in plasma leptin concentration. Since leptin alone or in combination with insulin can reduce hepatic glucose production by decreasing phosphoenolpyruvate-carboxykinase synthesis (Anderwald et al., 2002\[[@R1]\]) reduced plasma glucose concentration following use of high-fat diet in our study might be due to increased plasma concentration of leptin; however, plasma leptin level was not measured in the present study. Significant reduction in the consumption of fatty food in this study, augment the probability of an increase in plasma leptin concentration.

As mentioned earlier the results of the present study demonstrated that the high-fat diet could not change glucose tolerance significantly. However, Kamara et al. (1998\[[@R18]\]) showed that in male Sprague-Dawley rats, using high-fat diet containing 25 % corn oil for five weeks impaired glucose tolerance. They observed that in the second and the third hours after OGTT plasma glucose level increased in high-fat fed rats as compared to the controls. Besides, using fatty food containing 40 % butter for twelve weeks in male Wistar rats impaired glucose tolerance without any significant change in plasma levels of fasting glucose and insulin (Yamaguchi and Matsuoka, 1979\[[@R35]\]). It seems that the variety between the results of the experiments can be resulted from the type and the amount of the fat used, the duration of use, and strain of the study animals.

Stress alone can change plasma level of glucose and insulin as well as glucose tolerance. In the present study, stress increased fasting plasma glucose and insulin concentrations in both of the diet groups which are accompanied by decreased glucose tolerance. Soulis et al. (2005\[[@R30]\]) found that acute swimming stress in female Wistar rats decreased plasma insulin level without any changes in the basal glucose concentration while in the male rats plasma glucose concentration increased and plasma insulin concentration decreased (Kitraki et al., 2004\[[@R20]\]). On the other hand, induction of chronic restraint stress increased fasting plasma glucose concentration while decreasing fasting plasma insulin concentration and glucose tolerance (Zardooz et al., 2006\[[@R37]\]).

Consistent with our results, two previous studies showed no significant interaction between high-fat diet (20 % corn oil) and acute swimming stress in the response of plasma glucose and insulin in male and female Wistar rats (Soulis et al., 2005\[[@R30]\]; Kitraki et al., 2004\[[@R20]\]). However, high-fat diet (containing 18 % pig fat and cholesterol) in comparison with control condition (normal diet + stress) significantly increased fasting glucose concentration in response to chronic stress of electric shock accompanied with noise in male Wistar rats (Fu et al., 2009\[[@R12]\]). In the present study, although acute stress increased plasma insulin concentration, high-fat diet did not make any significant change in insulin response to acute stress. Compared with the control condition, 4 days of high-fat diet (40 % coconut oil and corn oil) following 3 hours of restraint stress did not significantly change plasma insulin concentration of male Sprague-dawley rats (Legendre and Harris, 2006\[[@R22]\]). The differences might also be related to the type of fat in the diet and the duration of use.

Although high-fat diet had no effect on basal concentration of plasma corticosterone in the present study, stress increased plasma concentration of corticosterone; however, no significant interaction was observed between high-fat diet and stress. Contrarily, using high-fat diet (20 % corn oil) in Long-Evans rats for one or three weeks significantly increased basal concentration of corticosterone. Also, in the rats which used high-fat diet for one, 9 and 12 weeks, plasma corticosterone and ACTH after restraint stress (for 20 minutes in a plastic tube) and 20, 60 and 120 minutes after the end of stress was significantly higher than those receiving stress under normal diet (Tannenbaum et al., 1997\[[@R31]\]). Kamara et al. (1998\[[@R18]\]) did not observe any changes in plasma corticosterone concentration after using 2 weeks of high-fat diet (25 % corn oil or olive oil or fish oil or soybean oil) in male Sprague-Dawley rat; however, a significant increase in plasma corticosterone concentration was observed in response to chronic restraint stress compared with the control animals (receiving stress under normal diet).

Consistent with the present study, in a study by Kitraki et al. (2004\[[@R20]\]) no significant change was observed in plasma corticosterone concentration in male Wistar rats following use of high-fat diet (20 % corn oil) for one week compared with the animals with normal diet. Also, compared with the controls which received stress under normal diet, high-fat diet did not significantly change plasma corticosterone response to acute swimming stress (Kitraki et al., 2004\[[@R20]\]). Several studies (Kitraki et al., 2004\[[@R20]\]; Brindley et al., 1981\[[@R6]\]), some mentioned above, indicate the effect of high-fat diet on HPA axis activity which increase basal level of adrenal corticosteroids. Therefore, it is claimed (Fu et al., 2009\[[@R12]\]; Tannenbaum et al., 1997\[[@R31]\]) that high-fat diet acts as a stressor; if induced chronically like using a chronic stressor it can be somehow adapted. However, like a chronic stressor it is also able to augment the response to a new stressor (Harris et al., 2004\[[@R16]\]). On the other hand, some researchers believe that high-fat diet (if used for a short time) just increases HPA axis response to mild stress while in severe stress, appropriate response is created without any relationship with the type of the diet used (Legendre and Harris, 2006\[[@R22]\]). Also, it is observed that using high-fat diet for a long time (more than 3 weeks or 10 weeks) cannot make any changes in HPA axis response to stress (Legendre and Harris, 2006\[[@R22]\]; Kamara et al., 1998\[[@R18]\]). The discrepancies which were observed in the results might reflect the various duration of high-fat diet or stress exposure, animals\' age and strain as well as animals\' sex. However the type of the fat also may affect the results.

In the next part of the present experiment the plasma level of free fatty acids was determined and no significant change of the plasma free fatty acid levels was observed in the high-fat fed rats, possibly because the high-fat diet was not able to increase the plasma corticosterone level. It is important to imply that corticosterone is a weak lipolytic hormone (Porterfield, 2001\[[@R25]\]) and also the increase of plasma glucocorticoids including corticosterone can stimulate the secretion of the triglycerides from liver (Bartlett and Gibbons, 1988\[[@R4]\]; Mangiapane and Brindley, 1985\[[@R23]\]). In addition glucocorticoids can decrease the lipoprotein lipase activity and induce hypertriglyceridemia (Taylor and Agius, 1988\[[@R32]\]). Thus it can be concluded that the level of the plasma free fatty acids may be increased after using high-fat diet.

Stress alone can increase plasma fatty acid concentration which is positively associated with stress duration (Ferguson and Shultz, 1975\[[@R11]\]). Sapira et al. (1965\[[@R28]\]) showed that the concentration of circulating fatty acids increased after at least nine hours of restraint stress. In the present study acute stress was not able to change plasma free fatty acids even in the presence of high-fat diet. The reason may be related on one hand to the type of fat used in our study and on the other hand to the type, duration and intensity of the stresses.

Other results of the study included the significant increase in plasma cholesterol and triglyceride concentrations affected by high-fat diet and reduction in triglyceride concentration after inducing physical stress. Consistent with the present study, stress decreased blood triglyceride concentration in rats (Robertson and Smith, 1976\[[@R26]\]; Tsikunov et al., 2006\[[@R34]\]). In the present and the mentioned studies, reduced concentration of triglyceride affected by stress might be due to impact of acute stress on the immediate decrease in endogenic triglyceride secretion (Robertson and Smith, 1976\[[@R26]\]). On the other hand, increased levels of triglyceride and cholesterol might be due to their high levels in the high-fat diet used. Besides, as using high-fat diet containing high calorie results in saturation of liver and muscle glycogen stores while glucose store is more than the required for ATP production, liver initiates endogenic triglyceride synthesis through glucose metabolism; as a result, blood VLDL and triglyceride levels increase (Chait et al., 1979\[[@R8]\]). However, no interaction was observed between high-fat diet and stress in relation with free fatty acid, cholesterol and triglyceride.

Altogether, this study also led to some what different results. Although 45 % intra-abdominal cow fat reduced some behaviors related to body metabolism like food and water intake, it was not so effective on metabolic and hormonal parameters and even their responses to acute foot-shock and psychological stresses.

Notes
=====

This paper is part of a MSc thesis by Jamileh Ghalami.
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![Plasma glucose concentrations in normal and high-fat diet groups before and after stress induction in fasting state (a) and 15 min after OGTT performance (b). Each column represents the mean±SEM of 6 rats.\
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